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1. INTRODUCTION

1.1 Background

Mathematical modeling and simulation of biomechanical system crash
response play an economical an. sersatile role in the understanding of
injury mechanisms, In quantitative gross biodynamic motion satudies,
cognizant of the high cuat of conducting experimental research with human
cadavers and/or anthropomorphic dummies, biomechanicians have turned
their attention to the utilization of computer~based mathematical models
of the total human body since the advent of high speed computer
technology. Among these models, the most popular and sophisticated
versions are articulated and multisegmented to simulate the total human
body as a linked structure made up of rigid bodies. Fig. 1.1 shows a
typical three-dimensional model <consisting of fifteen segments,
Representative three-dimensional models developed in various research
centers include six-segment model of UMTRI (formerly called HSRI)
{Robbins et al., 1972), twelve-gegment models of TTI (Young, 1970) and of
UCIN (Huston et al.,, 1974), and fifteen-segment model of Calspan (Fleck,
1975). With some additional features, the Calspan model is also being
used by the U,s. Air Force under the title of Articulated Total Body
(ATB) model in aerospace related applications.

In these models, the equations of motion are formulated by wusing
either the Newtonian approach or Lagrange's equations, Euler's rigid body
equations, and Lagrange's form oi d'Alembert's principle and solved by
various methods such as Runge-Kutta or Predictor-Corrector numerical
integration schene, Joints are modeled as either the ball-and-socket
type with three degrees of freedom or the hinge tyne with only one degree
of freedom, Resistive force responses beyond the 3joint stop contour
{maximum range of motion) are modeled as one or a combination of the
following simple mechanical components: a linear spring, a non-linear
spring, a Coulomb friction damper, and a viscous damper., Furthermore,
joint properties, i.e,, stop contours and resistive force characteristics
are estimated arn', in some cases, even assumed, A thorough review of
both two- and ticee-dimensional mathematical models simulating biodynamic

regponse of the human body along with the associated experimental

validation studies performed, was provided by King and Chou (1976).
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Obvidualy, the effectiveness of these multisegmented mathematical
models in accurately ”bredicting in-vivo biodynamic responses, depends
upon the individual segment properties such as center of gravity, moment
of inertia, geometry, etc., and moze heavily upon the biomechanical joint
properties between any two linked sggments. In particular. the resistive
force properties of the ﬂOinti plaj a direéct and significant role in the
understanding of injury mééhanlnma ‘as well 48 in the prediction of

njury. Although a number of ~studiés have supplied data for model
sngment properties (Hatze, 1980: McConville et al.. 1980), data on

':._biomechanical joint properties are comparatively sparse (Steindler, 1973)

and 11mited (Engin. 1980: Bngin, 1984). 0f course, a complete data base
for . the biomechanical joint properties should undoubtedly include a

’Wn statistical analysi= to account for the intra- and inter-subject

'variatzonsy. Thelnore sdund'thé joint property data base is, the more
realistically the multisegmented anthropomorphic dummies and computer-
based mathematical total—human-body models can be constructed and

formulated.

1.2 Definitions of qunt'sinus‘and Globogggbhic Rapgesentation‘

Throughout this dissertation, the terms joint éinns and‘g1obographic
representation (first used by Dempater, 1965) will be repeatedly used in
the discussion of joint properties. Since these two terms are not
commonly known. let us give their definitions to avoid possible

confusion.

Joint Sinus: the maximum range of angular motion permitted by the
moving member of a joint while the other member is rigidly fixed. The
joint should possess at least two degrees of freedom such that the moving
member sweeps out a conical concavity within which the joint structures

permit all possible movements.

Globographic representation: a graphical method of representing a
joint sinus upon the surface of a globe with meridians and parallels
which define a grid pattern of the angular spherical coordinates with
respect to a fixed axis system attached to the rigidly fixed member; the
center of the globe is positioned at the functional center of the joint.

In this study, we will also use another method to represent a joint

sinus, namely, a single-valued functional relationship between the two




- spherical angles of the joint sinus. while 'the globographic

'.riptqsintation~ptovides a phydically'mehningtul plot for +the joint sinus..,

the single-valued functional relationship condenses the joint sinus data
into a functional expansion form for easy incornoration into the existing
three-dimensional multisegmented models of the total human body.

1.3 Scope of Regearch
The primary goal of this research program ‘is to provide/establish
proper biomechanical joint property data/databases pertinent to the ‘human

shoulder, hip, and humero-elbow complexes for incorporation into the .
existing three-dimensional ‘muxtisegmen_tedi ‘models. A recently -.develqped. -

new kinematic datg’fc'q].hcti'on methoddl’bgy’ by .means of sonic emitters and
a data hnaiysis t:ec'lihii;ue bu,ed on selection of the "most accurate®™ axis
system from an overdeterminate number of sonic emitters on the moving
segment ' (Bngin et al;; ' -1984&), were app‘liéd and extended. The pa'asiw}e
resistive force data were collected by utilizing a three~dimensional
multiple-axis force and moment - transducer vwhose calibration and
a‘bplicatiorf ‘with sonié .emitters_was described .1 a previous work '(Engin
et al., 1984b). System accuracy of ﬁhis data acdu'isltion technique was
alsoi 'previously dochmented by performing:

(1) En.:orv analysis on two types of controlled linear translational
motion; a rather high degree of accuracy was attained (Engin et al.,
1984a).

{2) Joint sinus simulation tests on a mechanical revoluto~hinge joint;
even with high degrees of acoustic blockage, an average of 86.51% of
the calculated joint centers fell within 1.46 c¢cm. from the true
joint center (Engin and Peindl, 1986).

(3) Porced abduction simulation tests (sweeping-type motions) on the
same mechanical revolute-hinge joint: an average of 81.55% of the
calculated joint centers fell within less than 0.5 cm. from the true
joint center (Engin and Peindl, 1986).

The s8ystem accuracy tests described above, demonstrate that the
sonic digitizing technique can be employed to perform falrly complicated
three~dimensional rigid body kinematic analysis when used in connection

with an overdeterminate number of sonic emitters. In this study, the

performance of the data acquisition system and efficacy of the associated

L




data analysis methodology is culminatingly assessed by observing good
repeatability of the joint einus sample means from different runs on ten

subjects.

Pinally, a .statistical .data base for the biomechanical joint

poperties is established in a systematic way for a special populatien,
- namely, the male population of ages 18 thru 32 posaessing neither
'musculoskelotal abnormalitiea nor any hiatory ot trauma in the joints
studied herein. Ten subjocts were randomly chosen to form the sample
with enphasu placed on . choosing subjects whose anthropometry
approximates the avnage to: the above-deﬂncd population. Selected
The sample mean and sample atnnda:d dev_iation as well as the confidence
intervala for the population uan and population standard deviation were
obtained in a systematic way and were expreased in functional expansion
form relative to a locally-defined joint axis system as well as relative
. to the fixed~body axis system in the form of globographic representation.
It is believed that this is th§ firat attempt to establish a
statistically meaningful data base for the biomechanical properties of

‘the major human articulating joints for the purposes of incorporation
into the multisegmented mathematical models of the total human body.




2. KINBNATICS BY MEANS OF AN OVERDETERMINATE NUMBER OF SONIC EMITTERS

In this chapter, we shall Aiscuss the general approach to studying
the three-dimensional kinematics of a typical joint complex, which links
two body segnments, by means of an overdeterminate number of sonic
emitters. The following chapters will apply this methodology to
deternine the maximum voluntary ranges of motion and passive resistive
properties beyond them for the shoulder, hip, and humero-elbow complexes.

2.1 Review of the Sonic Digitizing Technigue

Sonic digitising is the process of converting information on
position via sound waves to digital values in a form suitable for data
transmiscion, stcrage, and processing. The sound waves, which are audible
impulses of a specific frequency, are generated by an electrical arc at
the tip of the emitter powered by the GP6-3D Sonic Digitizer manufactured
by Science Accessories Corporation. “Point®™ microphone sensors capable
of detecting thia specific frequency of sonic impulses are used to receive
the sound waves. By multiplying the transit time required for a sound
wave to reach a microphone sensor with the speed of sound in still air,
the sonic digitiszer converts the distance from the emitter tip to the
*point® microphone sensor (to ba referred to as slant range distance)
into digital values. These digits are then transmitted to a PDP-11/34
minicomputer for data analysis and storage.

By applying this sonic digitizing principle, a rigid planar
rectangular sensor board/assembly with four “point"™ microphones/sensors
(A, B, C, D) arranged at the corners, as shown in PFig. 2.1, was
constructed (Bngin and Peindl, 1985). Th2 purpose of this set-up is to
convert the four slant range distances of a sonic emitter, which defines
a point in the 3-D space, into regular Cartesian coordinates suitable for
performing kinematic analysis. Note that only three slant range
distances are needed for the conversion. The fourth sensor is used for
spare purposes. During conversion analysis, the computer program is
designed to examine all four slant range distances, select the three
smallest, and discard the fourth. 1In the special case where one of the
slant range distances is 2zero, namely, the sonic emitter is totally
blocked from being detected by one of the four microphone sensors, the
zero reading is disregarded.
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Fig. 2.1 Quantities used to convert slant range distances
(PA, PB, PC, PD) to Cartesian coordinates (x, Yy, )

With respect to the selected 3-D coordinate system (to be referred
to as the sensor assembly axis system) as shown in Fig. 2.1, slant range
distances PA, PB, and PC will be used to illustrate the conversion
procedure. Applying the law of cosines to triangle APB, we have

@8y = (e0)2 + (AB)2 - 2(PA) (AB) cosa (2.1.1)

where AB = 165 cm. is a calibrated dimension for the sensor assembly. We

also note that

x = AH = (PA) cosa (2.1.2)
Therefore,

®e)2 = ea)2 + am)? - 2aB)x (2.1.3)
or,

X = [(m)2 + (ma)2 - (PB)2]/2(AB) (2.1.4)




Similarly, by applying the law of cosines to triargle APC, one obtains
2 2 2
y=AB = [(PA)® + (AC)" - (PC)]l/2(AC) (2.1.5)

where AC = 110 om. is also a calibrated dimengion for the uensor
assembly. Finally, one obtains the = coordiaate by

sepp’ = [(PA)2 - (224 y?)) /2 (2.1.6)

In like manner, similar equations for x, y, and 3 can be written for any
combination of three slant range distances.

2,2 Noving Rigid-Body Kinematics and Initialization
of a Baseline Data Set

Conasider a typical joint complex connectina two body segments. In
order to facilitate the relative motion studies between the two hody
segments, one of them ig first rigidly fixed. To each body segment an
axis system can than be defined and affixed by mounted =monic emitters.
The six degrees of freedom permitted by a general joint complex are
completely determined if one point (e.g., the origin of the moving body
axis system) on the moving body and the transformation (direction cosine)
matrix of the moving-body axis system with respect to the fixed-body axis
system are known. The coordinates of this point determine the location
(three translational degrees of freedom) and the transformation matrix
determines the orientation (three rotational degrees of freedom) of the
moving body segment. The orientation can be described in various ways,
for example, (1) a set of three successive rotations about the three axes
of the fixed-body axis system, (2) three Euler's angles, and (3) a
rotation about an arbitrary axis in space. A detailed derivation of the
transformation matrices resulting from the above three ways can be found
in Suh and Radcliffe (1978).

To define an axis system affixed to a body segmert, three
noncolinear points (emitters) on or extended from the body segment are
needed. Normally, it is desirable to select one of the axes, e¢.g., the z
axis to coincide with the longitudinal axis of the moving body segment

and the origin tc be a certain point on this axis, We shall refer to




this type of axis systems as the longitudinal (or 1long-bone) axis
systems, However, since the sonic digitizing technique is applied in
this study, total and partial acoustic blockage may occur to p:oduce zero
and inaccurate readings for one, or two, or even all three sonic emitters
used. Note that in defining the fixed-body axis syitem, this difficulty
can always be avoided by adjusting the sensor assembly to an optimal
"view" of :the three emitters since these emitters are not moving. 1In the
case of the moving body segment, it is desirable to continuously monitor
the moving body axis system while performing joiat property experiments.
As a result, total or partial acoustic blockage becomes irevitable for
some “"bad" positions where sound waves must travel around the emitters'
bases or the moving body segment itself. Therefore, it is neceasary to
collect redundant data so that szero readings from individual emitters
would not affect kinematic analysis. Obviocusly, we would select the
"most accurate® three emitters in cases where more than three emitters
produce non-sero readings.

From experimental experience, six emitters are most suitable for the
redundancy process. Seven or more emitters would dramatically increase
computing time without noticeable improvements in accuracy, while four or
five emitters 40 not provide a sufficient spare. Note that if six
emnitters are used, a total of 20 (C(6, 3) = —3—%'—) different axis systems
can be constructed; if seven emitters are used, a total of 35

(C(7,3) = —‘-F?lr) different axis systems can be constructed.

It is advantageous to arrange the =six sonic enitters
circumferentially and more or less equally-spaced around the moving body
segment. (In reality, the six emitterr are first put on an orthotic cuff
which, 1in turn, 1is strapped circumferentially to the moving body
segment). The advantage is that, by doing so, we have reduced the number
of "bad" positions to a minimum and also provided the moving body segment
with the largest amount of freedom to reach all allowable ranges of
motion. However, such an arrangement of the 3ix emitters makes them
unsuitable for direct construction of the longitudinal axis system as
normally desired. One way of resolving this inconvenience is to
establish che relationship (to be explained later) between the six
emitters and the longitudinal axis system directly constructed by three

properly positioned emitters before performing kinematic data collection




and analysis. Since this rclationship is invariant, i.e., it does not
depend upon the orientation/location of the moving body segment or the
aengor assembly, its accuracy can be checked against pre-calibrated inter-~
emitter dAistances to within 1% of error by adjusting the relative
orientation and location between the moving body segment and the asensor
assembly to an optimal “view". This procedure is called initialization.
The initialized data sei, which is reliably accurate, also provides a
bageline for *he selection of the "most accurate®™ longitudinal axis
systams (will be explained in detajl in the next section) for the
continuyously collected kinematic data whose accuracies are uncontrollable
due to partial and/c : total acoustic blockage and motion during kinematic
data collection. This baseline contains the jinterrelationships among the
six sonic emitters on the moving body. The following explains how the
interrelationships among these nine emitters (three for defining the
longitudinal axis sgystem, six on the moving body segment) are
initialized,

First, the coordinates of the nine emitters are calculated in terms
of the sensor assembly axis system. Next, a total of 20 axis systems i:
defined by calculating the direction cosine matrices A, (1 < i < 20) with ]
regpect to the sensor assembly axis system from all possible combinations
of any three out of the six moving~-body emitters. Note that these axis
systems can always be obtained since all the six emitters are arranged in
such a way that no three of them are colinear, 1i.e., three mutually
orthugonal unit vectors can always be found. The longitudinal .axis
system is similarly d=fined by calculating its direction cosine matrix,

st, with respc~t to *he sensor assemoly axis system. Next, the

trangtormation (dire~tica cosine) matrix describing the ith axis system

relative to the jth axis system (1 < i < 3 < 20) is then calculated by
-1 T

15 Asj = Ais Ajs * A1s Ajs

t.ansforwation matrices describing the ith and jth axis systems relative

Aij = A ¢+ where Ais and Ajs are the
to the seasor assembly ax's system, respectively. Note that these 190
(C(20,2) = Ié?%f transfornation matrices relating each of the 20 axis
systems relative to every other system are an intrinsic geometric
property o°f the six moving-body emitters and are independent of the
sensor asgsembly axis system. Second, the distances between the origins
of any two of the 20 axis systems, Dlj (1 <1< j< 20) are initialized.

Obviously, these 190 scalar quantities are also intrinsic and independent
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of the sensor assembly axis system. Thirzd, the occordinates (position
vactors) of the ocigin of the longitudinal axis system with respect to
the 20 moving=-body axis syatems acre also initialised by 31 * Mo 3.
(1 <1 <20), vhere J_ is the position vector from the origin of the ith
axis system to the origin of the longitudinal axis system expressed in
teras of the sensor assembly axis system. Wote that these 20 vectors are
also inteinsic and independant ©of the sensor assembly axis zystem during
the initialisation process. Last, the transtormation wmatrices of the
longitudinzl axis system with respect t0 each of the 20 moving-body axis
systeas are initialived by B, = B A, = B, Aj, (15 1< 20, Note
that these 20 matricez are also independent of the sensor assembly axis
systea. All the initialized data are stored in the computer and
tetrieved for the selection process and determination of the longitudinal
axis system once the "most accurate®™ moving-body axis system is selected.

2.3 S8election of the "Most Aocurate® Axis System on the NMoving B

The initialiszsed data set discussed in the previous section foras a
baseline for the aelection criterion since these data are obtained in an
optimal view of the sensor assembly and their accutacy can be well
controlled. However, for a typical kinematic test, with the moving body
segnent in motion, the accuracy is uncontrollable. S8ince the initialized
deta set is independent of the sensor assembly axis system, it can be
used for any position and ociantation of the moving body segment in
selecting the “"moat accurate® moving-body axis system for deteraination
of the desired longitudinal axia system which conveniently describes the
complete kinematics of the moving body segment. The sequential firing
rate of the six moving-body emitters is set at 7 records per second, and
the motion speed of the moving body segment is maintained at
approximately €* arc/sec. One record is defined as a complete sequential
firing of all the six moving-body emitters from which one set of
kinematic data with respect to the fixod body axis system is determined
through coordinate transformation and vector analyses.

The choice of the "most accurate® axis systea on the moving body
segment during a kinematic test is made on a record by record basis. PFor
each record of the kinematic data, the coordinates of the six wmoving-body
emitters (assuming that all of theam give good readings, i.e., none of

1l




them is totally blocked frzom sensor view) are first used to obtain the
intrinsic matrix interrelationships between any two of the 20 axis systems
as described in the initialization process. 1f there were no errors {n
the kinematic measurements, and the orthotic cuff remains rigid, then we
should obtain the equalities:

By kinematic ® P14 tntetar ¢ *

T ‘ :
(alj)ktnmuc "‘13’1nmn -1 (1:i+3=:20) (2.3.1)

© 3 kinematic * ®Pij)intetar ¢ °F
Oy kinematiz = Pryliagean =0 (12i<3c20) @232

vhere I is the 3 x 3 identity matrix. This, however, is not the case for
a typical kinsmatic test due to such factors as motion during data
collection, changes in the emitter's orientations with respect to the
sensor assembly, or the partial acoustic blockage of individual emitters
by the fixced body or the moving body segment itselt. Therefore, we
obtain the foliowing inequalities:

T .
B3 kinematic Pijinteiar “ Gy ® T (l=<i<jc20) (2.3.9

ané

©;xinematic = Pii’intetar * 43 0 (1 i<3 <20 (2.3.4
where Gij is a general matrix with off-diagonal terms, and 61 3 is an
apparent dislocation (translational shift) between the origins of the ith
and jth axis aystems. The general matrix can be considered as a rotation
wmatrix describing an apparent rotational shift between the ith and the
jth axis systems from their initialized interrelationship. It should be
pointed out that both the dislocation and rotational shift are a relative
measure of the errors involved. These errors are not correctable, i.e.,

we cannot pinpoint the absolute errors. Neverthelegs, we have at least a
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relative sense of how much they are so that we can always select the
*most accurate" data set. Therefore, a good relative indication of the
magnitude of the rotational shift is to consider the amount of rotation ,
Yi:l' introduced by o“ about an axis. To calculate Yi:l' we notice that
the rotation matrix describing a rotation of amount & about an axis
whose orientation is specified by the direction cosines of a unit vector
Ve lu, u,o u,l is (Suh and Madcliffe, 1970)

u:( 1-cosa)+cosa u:\\:(;:eou)-u‘.m nxu‘(l-con)wynu
Re \\‘u’(l-eota)#u‘uu g(l-eou)ﬂm \lyu.(l-em)-\l:um (2.3.5)
“x“z( l-ccsa )-u,uuc n’u.(l-eou )w’nim us(l.-con)-t-cou

Summing up the diagonal terms of the matrix R and noting that

u: + u; + u: = 1, we obtain
a = cofll% (teR - 1)) (2.3.6)

where trR i3 the trace of R, i.e., the sum of all the three diagonal
terms of the matrix R. Applying this equation to the general matrix 613'
we find

- cos™ !

Yij [3ee oy -n] =, (2.3.1
Since the orthotic cuff is made of rather rigid steel and during the
kinematic teat there is eassentially no force applied on it, we attribute
both the translational and rotational shifts to motion during the emitter
firing seguence and/cr measurement inaccuracies due to partial acoustic

blockage.

For each kihematic data record, if one assumes the jth axis systea
to be accurate, then the ith axis system has obviously introduced both

ecrors, i.e., 5“ and Yii' If we then calculate, for each axis system,
the root mean sguare error, €yv by assuming all the other 19 axis systems

are accurate, as

20 2 2 172
ci= j{l [(Gij) + (Yij) ] } (1 < i < 20 ) (2.3.8)
4 .
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Mote that, in this equation, Yij should be thought of as the arc length
obtained when 14 is multiplied by a unit length), the axis system which
exhibits the smallest ¢, has cbviously undorgone the least apparent shift
(rotational and translational) with respect to all the other axis aystems
as initialized. From & statistical point of view, this axis system has
the highest probability of being the most accutate as compated to the
initialized geocmetry.

For each Rkinematic data record, the 'most accurate"™ axis asystem on
the moving body segment is then uced to calculate the origin and the
direction cosine matrix of the longitudinal axis system via the
initialised data, i,e,, 5" am LIYE Oz, stating it in another manner, we
are monitoring the desired longitudinal axis system via a versatile
nedium, i,e., the six enitters on the moving body segment,

14




3. BIOMECHANICAL PROPERTIES OF THE HUMAN SHOULDER COMPLEX

3.1 1Introduction

In multisegmented mathematical models of the total human body, the
most complicated and least successfully modeled joint has been the
shoulder complex mainly due to the lack of an appropriate biomechanical
data base as well as the anatomical complexity of the shoulder region,
The term "shoulder complex" refers to the combination of the shoulder
joint (the glenohumeral joint) and the shoulder girdle which includes the
clavicle and scapula and their articulations. Therefore, in discussing
the joint sinus of the shoulder complex, it is more appropriate to use
the term "“shoulder complex sinus® to designate the range of extreme
allowable motion of the humerus with respect to torso. It is important
to make this distinction since it is possible to define joint sinuses for
various skeletal components of the shoulder complex. An anatomical
description and a brief account of studies on the shoulder complex was
provided by Bngin (1980) and more details can be found in standard text
books (Steindler, 1973; Gray's Anatomy, 1973; Norkin and Levangie, 1983);
thus they will not be repeated here,

3.2 Determination of the Maximum Voluntary Shoulder Complex Sinus

The basic components of the data acquisition system used in the
study are the sonic digitizer, digitizer sensor assembly with four
microphones, torso restraint system, and the orthotic arm cuff with sonic
emitters as shown in Fig. 3.1. The emitter positioning for the six arm
cuff emitters and the three longitudinal-axis-system emitters was
provided by Engin et al., (1984a).

The procedure for determination of the shoulder complex sinus
involves the following basic steps: (1) immobilizing the body segment
(torso) to be treated as the fixed body and defining the fixed body axis
system as shown in Fig. 3.2(a), (2) having the subject move the upper arm
along the maximal voluntary range of motion (stop contour) and monitor,
with respect to the fixed body axis system, the 3-D coordinates of a
distal point on the moving body segment; this point on the elbow joint is
selected as being on the humeral longitudinal axis at the level of the
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Fig. 3.1 Subject in the torso restraint system and the arm
cuff with six sonic emitters

humeral coindylar maximal width, (3) fitting the 3-D coordinates to a
sphere using a least-squares technique, thus establishing a center for
the best-fitted sphere and an idealized link length (radius of tha
sphere), (4) fitting a plane to the same 3-D coordinates using a least-
squares technique; the normal to this plane (specified by the spherical
coordinates (¢n, en) as shown in Fig. 3.2(b)) establishes the pole of a
local joint axis system (zjt-axis) about which the shoulder complex
sinus, Adesignated by the spherical coordinates (¢, 6) of the vector
connecting the center of the sphere with the discal elbow point, can be
expressed as a single-valued functional relationship, i.e., 8 = 8($).

16




Since the origin of the fixed body axis system is inaccessible, Av
relative axis locator device (RALD) (Engin et ‘al., 1984) is used to

s f————

Fig. 3.2 (a) Selected origin and axis system (xfb' Yep' sz)
of the fixed segment (torso).

(b) Relative orlentation of the fixed body (xfb' Yepe
sz) and locally-def;ned joint (xjt' yjt' zjt)
axis systems.
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locate the origin and define the transformation matrix of the fixed body
axis’' gystem in terms of the microphone/sensor assombly axis system. The
accuracy of these data ocan always be maintaired within 18 of error
againat pre-calibrated dimensions by adjusting the orientation and
location of the microphone/sensor assembly. Of course, this adjustment
should also take into account the orientation and/or position of the arm
cuff in order to obtain the best kinematic data even though an
overdeterminate number of sonic emitters and a "most accurate" selection
criterion are used.

Table 3.1 liatas the centers and radii of the best-fitted spheres anad
(Qn, Qn) as well as their sample means and sample standard deviations for
all ten subjects. The mean values for (Qn, en) shall be designated as
(¢m, en) and the corresponding joint axis system shall be referred to as
the mean joint axis system,

Before the test, each subject was instructed to move his upper arm
along its maximum range of motion boundary in a counterclockwise motion
as viewed from the sensor assembly. He was also instructed to displace

the arm distally along its longitudinal axis as far as possible at all

times while circumscribing the joint sinus. Preferred rotation of the
upper arm about its longitudinal axis was left up to the discretion Jf
subjects in obtaining the maximal contour. Several sweeps of this type
were performed before data were collected 8o that the subjects could
experiment with obtaining the largest posaible range of motion. 1In order
to help maintain a constant rate of motion, a large clock with an easily
vigible second hand was placed in front of the subject. The subjer ¢ was
instructed to imagine his humerus as the second hand, and to synchronize
his joint sinus circumscription with the c¢lock's 60 wecond sweep. In
this manner, three test runs (sweeps) were collected for each subject.

To consolidate the enormous volume of experimental raw data into a
form readily wusable by the multisegmented total-humun-body models
currently in use, functional expansions for the shoulder complex sinuses
are desirable. This is also the reason why we want to represent the
shoulder complex sinus in a single-valued functional relationship, i.e.,
0 = 6(p), with respect to the locally~defined joint axis system. It will
be shown in Section 3.4 that the functional expansions also greatly
facilitate the statistical analysis.
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Table 3.1 Centers and radii of the best-fitted Spheres

and (¢, 6.)
for -all ten subjects
SUBJECT CENTER (cm) RADIUS $n B
NO. Xep Yep P (cm) (deg.) (deg.)
1 8.85 14.92 | -=26.97 36.75 57.37 72.24
2 3.30 10.01 ~25.25 35.37 56.52 77.32
4 9.67 16.75 -33.67 36.28 59.72 83.20
5 2.53 13.78 -24.77 32.09 58.82 79.53
6 3.78 15.48 -25.39 32.83 62.58 77.86
7 7.10 16.51 -24.68 32.18 59.43 78.87
8 4.51 12.59 -24.94 35.25 57.12 77.90
9 6.88 17.27 -24.62 31.77 60.98 84.31
10 1.88 16.25 -25.85 33.96 64.87 77.93
Sample 5.40 14.91 ~26.19 34.07 59,29 79.08
Mean
Sample 2.66 2.23 2.72 1.81 2.90 3.42
St. Dev.
L
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The following trigonometric polynomial, with ten basis functions,
initially proposed by Herron (1974):

5
8 = J coa™ 1 gy

(o]
nel 2

sind) (3.2.1)

Con-1 * Can

will be used for the functional expansions by the method of least-
squares. Ten was chosen for the number of bhasis functions (or
coefficients) and determined as the smallest number for which the
criterion e < 0.00le  is satisfied, where e is the square sum of curve-
fitting errors, 0.001 is the relative tolerance chosen, and e, is the
square zun of the experimental data (0) values. A detailed discussion of
the above criterion can be found in Berstiss (1964). Fig. 3.3 shows a
senge of how "well"™ the expansion of Bq. (3.2.1) fits the raw data for
any of the three sinuges taken from the sample.

3.3 Passive Resistive Properties Beyond the Shoulder Complex Sinus

In general, the passive resistive properties in an articulating
joint may depend on at least three variables which define the orientation
of one segment of the joint with respect to the adjacent one. For
example, the three Euler angles, namely, ¢, 0, and ¥ can be used to
define the orientation of the upper arm with respect to torso. If we
exclude the rotational influence of the upper arm along its long-bone
axis with respect to the other two directions, then, the passive
resigstive properties can be expressed as f = £(p, 0) where ¢ and § are
the spherical coordinates with respect to the local joint axis system
defined in Section 3,2.

The basic components of the data acquisition system are shown in
Fig. 3.4, The major component of the asystem is the sonic digitizer and
thc digitizer sensor assembly. The subject restraint/positioning system
was designed so that the subject's torso can be positioned in a wide
range of orientations. The force applicator is a hand-maneuvered device
which is constrained to motion in a level, horizontal plane by a track-
mounted trolley system located overhead. It utilizes a six-component
transducer which measures forces and moments in three orthogonal
directiona. The orientation of the upper arm with respect to torso {s
monitored by means of the arm cuff with six sonic emitters as was usged
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Fig. 3.3 Curve-fitted vaw data for joint sinuses of three subjects.
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Fig. 3.4 Various components of the data acquisition system.
1) sonic Digitizer, 2) Subject Restraint/Positioning
System, 3a) Force Applicator, 3b) Strain Gage Signal
Conditioner/Amplifier, 4) Arm Cuff with Orthotic Shell,
5) Fixed Body Axis Locator Device.
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for the shoulder complex sinus tests. This data acquisition system thus

enables one to perform a series of tests in which the upper arm is forced

¢ tward in the direction of increasing 6 for a constant-$ value in the
local Jjoint axis system defined by (¢n, Gn) (refer to Fig. 3.2).
rurthermore, forces and moments at the joint due to gravitational loading
can be held relatively constant and can be factored out by setting all
the bridge ci-cuits of the force-moment transducer to zero at the start

of each forced sweep.

The subject is first rotated by an angle -(90° - ¢n) about the
positioning system yaw axis, and then rotated -(90° - Sn) about the roll

axis. If the subject then extends his upper arm in an orientation

N T R Y O U O O I o e Y M Y
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parallel to the pitch axis of the positioning system, his humeral
longitudinal axis will be at (Qn. Bn) with respect to the torso fixed body
axis syatem, The force applicator is then positioned vertically at the
same level as the subject's upper arm, and the front of the force
transducer i3 strapped to the subject's arm near the elbow joint. The
subject is then asked to move his arm to its maximal position in the
conatrained plane of motion of the force applicator. The acm is "backed-
off" from this position, and this then is the starting location of the
forced aweep. The subject's upper arm i3 then abducted or adducted in a
quasi-static manner until the subject experiences discomfort or the upper
arm can no longer be displaced (i.e., adduction into the torso occurs).
The forced angular velocity, which is the same as the circumscription
speed in obtaining the shoulder complex sinus described in Section 3.2,
is sct at an average of 6" of arc/sec for these tests., During the entire
course of cach test, the subject is instructed to let his arm hang limply
and not to actively (muscularly) reaist the motion of the test. The
bridge circuits of the force-moment transducer are all set to zero at the
start of cach test, so that the recorded values during the sSweep are
departures from this "neutral® force orientation, or stating it in a

different manner, they are the paasive resistive force values.

With respect to the joint axis system, these forced sweeps take
place in a direction of increasing 0, and at an approximately constant-¢
value. By then rotating the positioning system avout its pitch axis, a
series of constant-$) sgweeps are obtained. Bach time, the (force
applicator is vertically positioned at the proper level with the humeral
longitudinal axis in a level horizontal plane., In this way the tests are
performed as four sub-series with each sub-series discernible by its own
cxperimental set-up configuration. The groupings consist of constant-¢
swoeps In: 1) the upper-rear guadrant (0° < ¢ < 90°), 2) the lower~rear
quadiant (90° - ¢ - 180°), 3) lower-front quadrant (180" < ¢ < 270°) and
4) the upper-front quadrant (270° < ¢ « 360").

The data obtalned according to the procedure outlined zbove were
analyzed as follows. Pirst, the force and moment vectors obtained from
the force applicator data were used to calculate a total moment vector
with reapect to the instantaneous joint center which is chosen to be the
glenohumeral joint center location. Next, a moment arm vector was

caleulated from the center of the best-fitted sphere (described in
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Section 3.2} to the point of force application. HNext, the intersection
of this vector with a sphere of radius equal to onec meter was selected an
a "normalized” point of force application. The total moment vector wa:
then resolved into componenta along the moment arm ... perpendicular to
the moment arm vector. The component along the position vector (moment
arm vector) was then discarded, since it does not scrve to restore the
moving segment to an orientation within the voluntary shoulder complex
sinus, From the remaining moment component and the normalized position
vector the resistive force vector was then calculated. Since the moment
armn ig normalized to one meter, the magnitude of the resistive force
vector is the same as that of the resistive moment vector. We shall
refer to this magnitude as the passive resiative force (moment) property.
Note that this force vector is always tangent to the surface of the
selected normal sphere., PFig. 3.5 depicts the vectors and coordinates
specified in the analysis.

MOMENT VECTOR

CENTER OF THE
BEST FITTED
SPHERE

INSTANTANEQUS
JOINT CENTER

i
-~ ACTUAL PQINT OF 2,,
FORCE APPLICATICN

ACTUAL APPLIED FORCE

CALCULATED RESTORING™\_*NORMALIZED" POINT OF
FORCE FORCE APPLICATION

Fig. 3.5 TIllustration of the vector quantities used in the
calculation of resistive force values.
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rinally, to consolidace the vast amount of passive cesistive force
(moment) data and to facilitate the statistical analysis, the functional
expansion £(¢, 6) wmust be .. .ablished. A variety of basis functions has
been investigated by utiliszing the GIM (General Linear Nodel) program of
the SAS (Statistical Analysis System) computer package (SAS User's Guide,
1982) of the Instruction and Research Computer Centet at The Ohio State
Univerasity, It was found that the functional expansion

£, 0) = (c1 + C,¢°ﬂ¢ + c,umo + (c‘eon’ﬁ + cscoohim

+ cssln2¢)02 + (c7e053¢ + c'eoozoalnb

+ Cycospain’s + c, atn')0’ (3.3.1)

provides the best fit. Ten was used for the number of basis functions
{or coefficients) and determined as the smalleat number for which the

following criterion chosen

2 SSE

R = 1 - sm 90‘ (3.3.2)

is satisfied, where

R2(0 < r? < 1) which is called the coefficient of wmultiple
detcermination and measures the proportionate reduction of total variation
in { associated with the use of the asct of (¢, 0) independent variables,
SSE is the error (residual) sum of aquares or

. Yo 2

SSE = i‘);l [t 0 - 2,08, 8]

« and

SST0 is the total sum of sguares, or
(s -2
SUTO = ) [z, (., 0,) - 2]1°, where
i=1 i i

n = total number of cxperimental force (moment) data points collected,

zi(¢i, Hi) = the experimental force (moment) value collected at the ith

point (¢, 0.0 and

o, on
£ n .)- At v
i1
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A detalled discussion of the R2

found in Meter, ot al, (198S).

and rolated reqgression analysis can be

Since 6(0 > 0) memaures how far the upper arm departs from the
s-axis of the local joint axiz system, and ¢ gocs from Q to 2w, we can
treat O an the radial coordinate and ¢ as the angular cuordinate in the
polar coordinate system (6, ¢). Tho pole is then the z-axis of the local
joint axis system . Therefure, if we introduce the following coordinate
transformation

P = Ocomd
q = Osind (2.3.3)

then (p, @' can be regarded as the‘ corresponding rectangular coordinate
system, Fig. 3.6 illustrates both coordinate systems and the
corresponding four test quadrants, We shall define the combination of
these two coordinate aystems an the modified joint axis system,
Obviously in terms of the modified coordinates, (p, q), the expansion
function now becomes

2 2

tH, 9) =PF(p, @ = ¢, /pz+q +Cp+Cyq C:.p2

+ Cqu

2 H k|

+ qu + C,’p:’ + Cop q+ Cgpqz + C

With the help of the moditied joint axis system, a physically
meaningful plot can be made for the above expansion function to give us a
visual aid to the understanding of the overall resistive force (moment)
properties of any articulating joint, Fig. 3.7 shows the constant
zesistive force (moment) contour map for a subject and Fig. 3.8 shows a
corresponding three-dimensional perspective view., Fig. 3.9 illustrates
the sense of how “well" the expansion £($, 0) fits the raw data for

sevecal constant-¢ sweeps.

3.4 Statistical Analysis

Considering the vast quantities of sinus and force Adata for ten
subjects, it would be very cumbersome if one uses a direct statistical
analysis technique. It is more desirable to develop a systematic and




» O

oy B
(w/2<¢d<w) (O<p<n/2)
8
¢ 0
LQ‘IW*§¥W lzu‘ ﬁ?ﬁ
(w<¢p<3w/2) (3w/2<p<2r)

rig. 3.6 The modified joint axis system and the corresponding
four teat quadcants.

easily manageable approach to deal with the extensive data. Therefore,
(3.2.1) and (3.3.1) will be utilized in an appropriate manner to
seek for a sample mean, sample variance, and the confidence intervals for

Egs.

the population mean and varfiance. In this section we shall derive the

method in a general sense.

N
Let £(X) = ) ¢, gi(i) be a functional expanaion (by the method of
i=l

least squarss in this stuly) for the experimental measurement of a

certain quartity £ having n independent variables, i.s., % = (xl, Xgr Xq0
|1 -1, 2, 3, ..., N} is a set of mutually
Ii = 1. 2. 3. XXY] N} i‘ the

esss %), where {gi(;)

independent basis functions, (C

i
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(-2.8,2.5) (25,2.9)

(-2.5,-2.5) : —— (2.5,-2.5)

Fig. 3.7 Constant resistive force (moment), in Newtons (Newton-
Neters), contour map for a subject in the modified joint
axis system, in radians.

corresponding set of independent expansion coefficients, and N is the
number of basis functions or coefficients. Consider now the statistics
of the quantity f for a chosen population from which we have a random
sample of size N. Then, obviously, the coefficients, ci' becone
statistically independent random variables, and the non-random basis
functions become statistically constant. Purthermore, £ is now a linear
combination of random variables, and, so, is itself a random variable.

From probability theory, for each ;. the population mean, uf(;) ¢ i
Mg (X) = Bl£(X)] = slg c, g, (%))
£ =l 1°

N >
L g (x) u, (3.4.1)

k -»
- ) g; (x) Blc,] =
i=1 iwl i

a8




(-2.5,2.5) e e(2.5,2.5)
I/

¥ X \- ’p

===, (2.5,-2.5)

(-2.5,-2.5)

and the population variance, 0:(;), is
2 - - M -
Og(x) = VAR[£(x)] = VARl ] ¢, 9, (x)]

i=]
Yo
-+
- g, (x) VAR[C
i£1 g (x) 1]

) 92 (%) o2
1=1 g
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Fig. 3.8 Perspective view of Fig. 3.7.
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Pig. 3.9 Raw data end fitted curves drawn from f£($, 0) for
various constant-¢ sweeps for the subject mentioned in
PFig. 3.7.

vhere we have utilized

cov[ci, C,kJ=0 foralll<i<j<N (3.4.3)

3

since all the coefficients are mutually independent., Note that in Egq.
(3.4.1) the operator E stands for the mathematical expectation and in Eq.
(3.4.2) the operator VAR for the variance. Therefore, if we know the
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po’bulatioﬁ méand. Uy o and the'populauon variances, oi ¢ for all the M
~ coefficients, we can evaluate the population mean and variance for £(%).

Sample Mean, Eg?),Afng's’ggle Variance, 8:121
Since the population means and variances of the coeffic.ents can
tarely be obtained; we seek for statistical estimates, namely, the sample

means, ci, and sample variances, s: s from the given random sample of

size N, From gtatistical theory, an estimate for Yo ig
: i

Zl-

jgl (ci)j (3.4.4 )

where (Ci) j stands for the ith coefficient of the jth sample outcome, and

an unbiased eatimate for c: is

i
N N
2 1 2 1 2

Thus, an estimate for uf(:'z) from BEq. (3.4.1) is
E(x) = Z 91"‘) ¢, (3.4.6)
ful
and an unbiased estimate for o:(;) from Eq. (3.4.2) is

53 (%) = Z gim 52

1 ey (3.4.7)

Confidence Interval for u.(;)
- Ex) - (%)

S (x)/ VN

From statistical theory, the random variable

has a t-disttibution with N-l degrees of freedom, regardless of the
paramet:e: values uf(x) and 0 (x). Therefore, the confidence interval of
uf_(x) can be obtained by
-
foo - Ug (%)

Pr -0 < < -
Y~ sf('i)/./'u_ -~ % Y (3.4.8)

where Pr is the probability, vy is the confidence level to be chosen, and
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».,_c {>6) is the solution of the equation

f ey () dz = _:1 : (3.4.9)

where r.n_lia the probability density function of the t-distribution with
N-1 degrees of freedom. Rearranging the inequalities, we obtain the
. confidence 1ntotva1 for Ug (;), at the confidence levei vy,

-> +
S, (x) - @, Sg(x)

comr{ ) - 3/,—_-5——1 uf(;) <Fx) ¢ 1L — (3.4.10)
N N

‘ ' -+
Confidence Interval for o:m 2
‘ ' (N-1) 8¢ (x) 2
The fact that the random variable —5-;--—— has a x -distribution
0 {x)

with N-1 degrees of freedom enables:ua to have

{ (N-1) s:&) . :

where u is the solution of the equation

f% 2 qoy (m)a5 = -—'1 , . (3.4.12)
and BY is the solution of the equation
m .
/ Xq., (az =X, (3.4.13)
8 .
Y

where x:_l is the probability density fuanction of the xz-distribution
with N~1 degrees of freedom. Rearranging the inequalities, we obtain the
confidence interval for o:(i’), at the confidence level v,

™-1) S7E L, (-1 s300
CONF —_— € g (%) £ ——————— (3.4.14)
8 -t
Y Y

3.5 Coordinate Transformations Among the Fixed Body, Individual Joint
and Mean Joint Axis Systems

Since we shall utilize the functional expansion forme, Bqs. (3.2.1)
and (3.3.1), to perform statistical analysis for the shoulder complex
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sinuses and passive resistive properties beyond them, appropriate
coordinate systems should be consistently used for the purposes of
statistically comparing the coefficients of the data sets for ten
subjects, In representing the joint property data in functional
expansion form, d4ifferent coordinate systems used will result in
different coefficients although the same basis functions are used.
Therefore, it is necessary to perform coordinate transformationa for the
spherical angles, ¢ and 6, among the fixed body, individual local joint

and mean joint axis systens.

The local joint axis aystem, as shown in Fig. 3.10 is uniquely

Fig. 3.10 Joint axis system as obtained by two successive
rotations, first about the zrb-axis and then about

the intermediate (primed) y'-axis from the fixed
body axis system.

obtained in this study by firat rotating the fixed body axis system by an
angle ¢n about the sz-axia and then rotating the intermediate (primed)
axis system by an angle en about the y'-axis. The mean joint axis systen

is obtained in a similar manner with (¢, O;) replaced by e O -
Since the joint sinus with spherical coordinates (¢, 8) implies a unit
vector with rectangular coordinates (sin® cosd, sin@ sind, cosB), the
coordinate transformation from (. Gf). relative to the fixed body

Kk}




axis system, to (oj. Oj). relative to the joint axis gystem, can be
obtained in the following manner:
linﬁj coij .met cosd , x
mej alnoj - “jt/f.b ainef um’£ - 4
cosb cosd s (3.5.1)
3 3t £
| 8 <:osen 0 -sin&n °°l¢n siwn 0
where vaﬂ_, = 0 1 0 -llmn cown 0
_sinen 0 conGn ] 0 1
"'c:osen cosd cosd sind -8ing
= -aiwn °°'¢n 0
| 8inB  cosd sind sinp cosd

is the transformation matrix defining the joint axis system relative to
the fixed body axis system, and x, y, & can be numerically calculated
with (b n’ 0 n) and the joint sinus (¢£. 61) specified. Comparing the left
and right hand sides of Rq. (3.5.1), we have

¢j = tan-lli and
(305-2)

The coordinate transformation from (¢£, ef) to (an, emj), where mj
stands for the mean joint axis system, can be obtained in the same way as
above with (¢n, On) replaced by (Qm, 0 n) 80 that the transformation
matrix defining the mean joint axis system relative to the fixed body
axis system now becomes

coaﬂm o::ootﬂl cosem sinom -slnem
"mj/fb - -sinebm cos¢m 0
sinﬁm cos¢m sinem sin¢m cosem

K1}




It the joint sinus is given relative to the individual local joint
axis system, then the apherical coordinate transformation from (oj. ej)
to (¢nj' ouj’ can be achieved by noting that

.xne‘j coot)-j s:lnej coaoj
ninﬁ.j slnonj - "Ij/tb Lth/jt ainej sin¢j
cosd cosf
L) a3 3 3t
X
(3.5.3)
mj
-1 T

where Lfb/jt = th/tb - th/fb since th/fb is a proper orthogonal
matrix, i.e.,

T
Nit/eo Myeep = 1 0 (3.5.4)

“ and X, ¥, 2 can be numerically calculated with (¢n. em)' (On. On) and the
joint sinus (¢j. Gj) specified. Comparing the left and right hand sides
of Bq. (3.5.3), we have

-1y
¢nj = tan X and

-1
emj = COS 2 . (3-5-5)

3.6 Statistical Data Base for the Biomechanical Properties of the Human

Shoulder Complex

Since each subject haa an individual 1local joint axis system
specified by (Qn, Bn), in statistically comparing the functional
expansion coefficients of the joint property data, two different sets of
sample means and sample variances can be envisioned and obtained from
different points of view:

1. Subiject-Based Mean and Variance

Here, we consider each individual local joint axis system, defined
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by “n' 0.), a3 an index attributable to the individual anatonmical
variations in overall joint articulating structure as well as
muscle/ligament orientations, and subjective kinematic behavioral
variations in the circumscription mannerism. Then, not to be biased,
each individual joint sinus and the resistive force (moment) data should
be described by (Qj. 03) with respect to the joint axis system of each
subject, namely,

Oj = 0 3 (] j) for the shoulder complex sinus, and

F = P(Qj. Oj) for the resistive force (moment).

The functional expansion coefficients obtained from these data are
called subject-based coefficients. Furthermore, the population/sample
neans and variances obtained from the subject-baged coefficients will be
called subject-based population/sample means and variances, respectively.
Obviously, from a statistical point of view, the most appropriate axis
system for the subject-based population/sample means and variances is the
population/sample mean joint axis system.

2. Space-Based Mean and Variance

In this case, the shoulder complex sinuses and the resistive force
(moment) data are described by (0-3. euj
joint axis system for all subjects, namely,

) with respect to a common mean

emj - r...;(omj) for the shoulder complex sinus, and
F = mej' ij) for the resistive force (moment).

The functional expansion coefficients obtained from these data are
now called space-based coefficients. 1In addition, the population/sample

means and variances obtained from the space-based coefficients will be
called space-based - nulation/sample means and variances, respectively,

Maximum Voluntary Shoulder Complex Sinus

Table 3,2 lists i%e ten subject-based coefficients of the shoulder
complex sinuses for .:' ten subjects., Table 3.3 lists the corresponding
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ten space-based coefficients. These two tables also list the sample
means and variances for all ten coefficients. Pig. 3.11 shows the best

| m— b
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Fig. 3.11 Subject-based and space-based maximum voluntary
shoulder complex sinuses for the first subject

fitted curves for both space-based and subject-based sinuses for the
tirst subject who has the (¢, 6.) = (57°.37, 72°.24) vhich depart the
most from the mean values (4, 6,) = (59°.29, 79°.08). The wmore the
individual joint axis system deviates from the mean joint axis system,
the bigger is the diffarence betwuen the space-based and the subject-

based sinuses,

Now let us apply the results obtained from the statistical analysis
developed in Section 3.4 to establish a statistical Adata base for the
shoulder complex 8inus, In this case, the functional expansion,
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Eg. (3.2.1), has only one independent variable, i.e., §.

Prom Bg. (3.4.6) one obtains the sample mean

n-1 = =

5 )= f cos ‘;(cm_1 + 8 -m)
ne=l

and from Bq. (3.4.7) the unbiased sample variance

-]
2 2({n~-1) 2 2 2
8a(¢) = cos 0(8 + 8 sin ¢)
® nzl czn-l CZn

(3.6.1)

(3.6.2)

rig. 3.12 displays the least-squares fitted data for the subject-based
sinuses of all ten subjects. This figure also shows curves for the

sample mean, B{4), and those corresponding to B(4) + 8y ()«

Fig. 3.13

"
b “e3
Vg asBpsttengttng,
2y . . -
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S T S R R
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Fig. 3.12 Curve-fitted data for subject-based sinuses of all
gsubjects (dotted curves). Solid curves are for

5 ana § + s,.
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shows their corresponding globographic representations in the torso-fixed
coordinate system, 1.e., the spherical coordinates on the globe are
referred to the fixed body axis system. Therefore, the coordinates
(QE. 0 ) = (0°, 90°) on the globe corresponds to the emergent point of
the Xen" axis, and the coordinates (‘t' 0 ) - (90°, 99°) corresponds to
the emergent point of the ytb-axta. Note that. in this case, since each
subject's sinus is defined by its own local axis saystem designated by
(0 ¢ 0 ). from a statistical point of view, tho most "appropriate® local
axil lyltcl for the subject-based B(¢) and 30(0) is the mean joint axis
systen, designated by the sample mean, (’u' 9.). taken from the sample.

vy

A
\\ \ \ ,’
) —_———
‘B\ \

Fig. 3.13 Globographic representations of ]
and § + S, (subject-based).

displays the least-squares fitted data for the space-based

Fig. 3.14
ginuses for all ten subjects.
sample mean, 5(). and those corresponding to 3 ($) + se(¢).

This figure also shows curves for the
Fiy. 3.15
shows their corresponding globographic representations. Obviously, ‘n
this case, the mean joint axis system sh>uld be 18sed for the space-based
8() and sg(w. since all the sinuses are represented in this axis

systenm.
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Pig. 3.14 Least-squares fitted data (dotted lincs) for the
space-based sinuses for all ten subjects. The middle
solid curve is the space-based sample mean joint sinus,
B($). The upper and lower solid curves are
5¢) + Sy (4) and 6w - 8y (4) . respectively.

1

For the purposes of comparison, Fig. 3.16 displays the sample meon,
5($), and those corresponding to B(¢) + Sy(4) for hoth space based and
subject-based sinuses. It should be remarked that, while the space-baged
and subject-based sinuses may AQiffer significantly for an individual
subject, their sample means and, 5(4) + 85(¢), may be indiscernible as
indicacted in Fig. 3.16.

One of the most important ways of testing the ultimate overall
performance of the data acquisition system and efficacy of the associated
data analysis methodology is good repeatability of sample means and
sample standard deviationa from different runs made on the same sample.
Fig. 3.17 displays the subject-based sample means, and © * 8y from three
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different runs for all subjacts. - Rather good repeatability obviously
exists if one realizes that most of the deviations arise from the
variations during circumscription tyj:e of motion by the subjects.

{72°,90°)

Fig. 3.15 Globographic representations of §(¢)
and 8($) + Sp(#) (space-based).

For the confidence level of 95%, utilizing Eq. (3.4.8), we obtain
from statistical table (Kreyszig, 1972) that,

8 - Hg ()

Pr { - 2,26 <
Sq ($)/ /10

< 2.26 } = 35% , (3.6.3)
Rearranging the inequalities, we obtain

pr{ (8@) - 0.7115 Sg )] < ug ) < () + 0.715 Sq(#)] } = 95%
(3.6.4)

In other words, we are 95% confident that the population mean g (¢) is
within the interval [8(¢) - 07155,(4), B(p) + 0.7155,(4)] at each value
of ¢.

Fig. 3.18 shows the confidence intervals for both the space-based

and subject-based population means for comparison. Fig. 3.19 displays
the globographic representation of the confidence interval for the

43

XM STATIREY #h Bk W ‘mmmm; 3
STRMATUE TN T GO PRI NG MO TS POSTRM PENFTR PR MR TE W W WM W S0 SN R S ok el




5,6 S, (RAD.)

0.6 PP G (P S Gl G WP DU G G G L Sy

0 | 2 3 4 5 6 7 !
¢ (RAD.)

Pig. 3.16 B(¢) and 8(¢) + S,(4) for both space-based_and
subject-baged sinUses. Note that the two § curves
coincide with each other in this figure.

subject-based population mean, ub(¢).

Por the confidence interval of the population variance, from
Eq. (3.4.11), we have

955 #)
Pr ; 2.70 < ———— < 19.02 z = 95% (3.6.5)
o5 )

with 2.5% of probability on both tails of the xz-distribution curve,
Rearranging the inequalities, we have !

pr § 0.473 820) < 03(9) < 3.33 830 : - 953 (3.6.6)
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1
L

. In other words, we are 95% aure‘gbat the population standard deviation

0910) is bracketed by the interval [0@&8886(¢,' 1.8289(¢)] at each value

2.1 i)

0 1 2 3 4 5 6 ¢ 7

¢ (RAD.)

Fig. 3.17 6(¢) and B+ se(¢) for three different runs
for all subjects.

of ¢. Fig. 3.20 shows the plots of this interval as well as'se(¢) for
the subject-based population standard deviation, Oe(¢).

-

Passive Reasistive Force (Moment) Properties

Table 3.4 lists the subject-based coefficients, as well as their
sample means and sample variances, for the passive resistive force
(moment) data for all ten subjects. Table 3.5 lists the corresponding

space-based coefficients.
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Fig. 3.18 cConfidence intervals (CI) toz both the space-based
and subject-based population means.

From Eq. (3.4.6) one obtains the sample mean

T4, 8) = (€ + C,comp + Tyaind)0 + (E‘cosz¢

+ Escol¢31n¢ + Eesin2¢)02 + (E7cosa¢ + Escosz¢sin¢

- 2 - 3 3
+ Cgcos¢sin ® + closin $)9
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Fig. 3.19 Globographic representations for the sample mean, B,
and the 95% Confidence Interval for the subject-based
population mean, g+

and from Eq. (3.4.7) the sample variance

S§(¢o 0) = (sg + sg cosz¢ + sé sin2¢)62 + (s: cos4¢
) 2 3 4
+ sé cosz¢sin2¢ + sg ain“¢)94 + (sg coss¢
S 6 7

+ Sé cos‘¢sin2¢ + s2 cosz¢sin‘¢ + 52 sin6¢)66 .
8 Gy 10

(3.6.8)

Note that, in this case, the functional expansion for the force {moment)
properties, i.e. BEq. (3.3.1), has two independent variables, ¢ and 6.

Fig. 3.21 shows both the space-based and the subject-based sample
means ior the passive resistive force (moment) property in the form of a
consgtant contour map. Since the difference between these two contour

maps is imperceptible they are shown in two separate figures rather than
in a superimposed format.
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Pig. 3.20 The 958 Confidence Interval (CI) for the
population standard deviation, 0,. The
subject-based sample standard deviation,
30‘ is also shown.

It should be mentioned that the force (moment) data were collected
beyond the maximum voluntary sinus up to the point, which will be
referxed to as the maximum forced sinus, where the subject starts
experiencing discomfort or the upper arm can no longer be moved (i.e.
adduction into the torso occurs). The raw data for the maximal forced
sinus are curve fitted by the same functional expansion used for the
maximal voluntary sinus. Table 3.6 lists the subject-based coefficients
as well as their sample means and sample variances for the ten subjects'
maximal forced sinuses. The statistical analysis procedure is also
applied to the maximum forced sinuses. rig. 3.22, for comparison,
displays the space-based as well as the subject-based sample means for
the maximal forced sinuses. With the exception of the region 0 < ¢ < 3-2',
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Fig. 3.21 Constant contour maps of (a) space-based and (b)
subject-based sample neans for the passive resistive
force (moment) in Newtons (Newton-Meters).

these two sample means have indistinguighable difference. Finally,
Fig. 3.23 shows the globographic repreaentations of the subject-based
mean maximal voluntary and mean maximal forced sinuses,.

In computing the sample means, we found two Adifferent alternatives
to represent the individual joint sinus and passive resistive property.
For the shoulder complex investigated in this study, it was established
that the difference between the subject-based and the space-based sample
means is indicernible even though each one possesgses a particular
anatomical or physical significance. In the next two chapters, for
simplicity, we shall adopt the subject-based approach in representing the
joint propertieas for the hip and humero-~elbow camplexes.

To obtain some physical insights into the nature of the joint
property of the human shoulder complex, let us superimpose the three most
important results, i.e., the (subject-based) sample means of the passivg
regsistive force (moment), maximum voluntary sinus, and maximum fo:céd
sinus, on the same figure as shown in Pig. 3.24. Pirst, several
observations concerning the passive resistive properties beyond the
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of the subject-basged

mean maximal voluntary (inner curve) and mean maximal

forced (outer curve) sinuses.
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(-2.95, 2.8)

(2.5,25)

(-2.5,~2.5)

rig.

(2.5,-2 5)

3.24 Subject-based sample means of the passive reuistive
force (moment), maximum voluntary sinus (inner daghed),
and naximum forced sinus (outer dashed).

maximal voluntary shoulder complex sinus can be made:

1.

2.

The constant resistive force (moment) contours are not simply
an outward conformal expansion of the maximal voluntary sinus

as one might surmise and adopt to use in currently existing
multisegmented total-human-body models.

The sghoulder complex is least resilient in the two rear

quadrants (0< ¢ <m), 1In this region, more or less constant
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force {(moment) values [between 14 and 18 Newtons (Newton-
Meters)] ware observed t0O initiate discomfort.

3. The lower front portion (w < § < %a) of the plot exhibits the
most resilient behavior due to adduction of the upper arm into
the torso. No real discomfort was observed and the maximal
forced sinus in this region is based on the 9 values reached as
far as possible during the constant-¢ aweeps for the force
(moment) levels which were applied.

4. The upper front region (%a< $ < 2r) exhibits an intermediate
(transitional) characteristic in terma of resilience. 1In this
region, discomfort initiates at the force (moment) level of
about 26 Newtons (Newton-Meters).

Second, the maximum voluntary and forced sinuses specify the
applicable domain of the passive resistive property. The resistive
forces (moments) below the maximal voluntary sinus are appreciably lower
in magnitude and thus can be neglected. Therefore, the maximal voluntary
sinus can be considered as the lower limit of the applicable range for
the expansion function £(4, 6). 1In fact, Pig. 3.9 shows that in the
neighborhood of the origin (pole), dashed curves indicate both lacking
good fit and being outside the applicable domain. 1In the strict sense,
the upper limit is the mnaximal forced sinus for the applicability
of £(4, 6). However, the extrapolated values by £(d, 6) beyond this
upper limit are most likely predictions and can be used up to the point

of impending injury for the simulation studies of multisegmented
mathematical models.
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4. BIOMECRANICAL PROPERTIES OF THE HUMAN HIP COMPLSX

4.1 Introduction

This chapter deals with the in~vivo biomechanical properties of thc
husan hip complex in the sitting position with tha torso being £fixed.
The data so obtained are suitable for simulating a sested pilot as well
as an occupant in a car,

The term “hip complex® refers to the combination’of the hip joint,
pelvis, lumbar spine, and their articulations, . rig. 4.1 shows the
principal bones and ligaments of tne hip complex' Since the femoral
motion, while sitting wuh torso being fixed, is rYrmally accompanicd by
lumbar flexion and polvic tilting, it is more a;%mpthto to use the
term "hip complex sinus,” rather than "hip joint sinus,” to deaignatc the
range of extreme allowable motion of the femur with respect to torso.
The human hip has been normally modeled as a three-degree-of-freedom ball
and socket joint by most researchers (Dempster, 1955; Johnston and Smidt,
1969; Chao et al,, 1970; Lamoreux, 1971), although in some cases it has
also been simplified by neglecting the axial rotation (Saunders et al.,
1953; Paul, 1965). In planar motion studies, it is even assumed as a
one-degree-of-freedom revolute (or hinge) joint (Clayson et al,, 1966;
Beckett and Chang, 1968).

Functionally, unlike the shoulder which has sacrificed stability in
favor of mobility, the hip provides aessential stability for support of
the body as well as a certain degree of mobility. Structurally, the
pelvis is more rigid than the rather freely movable scapula, The
interplay among the hip joint, pelvis, and lumbar spine is similar to
that between the shoulder joint (the glenchumeral joint) and the shoulder
girdle which includes the clavicle and the scapula. However, the
articulations of the sacroiliac joint and symphysis pubis provide much
less mobility than those of the shoulder girdle. Furthermore, the joint
capsule, the ligaments, and the muscles have reduced the freedom of the
hip joint whose bony structure permits almoast as much mobility as is
found in the glenchumeral joint., PFor example, hip hyperextension |is
practically insignificant mainly due to the ligamentous check of the
iliofemoral (Y) ligament. Finally, it should be noted that hip flexion
is also dependent upon the amount of knee flexion due to the interaction
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Fig. 4.1 Principal bones and ligaments of the hip complex.

of the two~joint muscles between the hip and knee joints. With the knee
in full extension, hip flexion is limited By the hamstrings. More
detailed anatomical and kinesiological descriptions are available in
atandard textbooks (Steindler, 1973; Norkin and Levangie, 1983; Gray's
Anatomy, 1973) and, therefore, will not be made here.

4.2 Dpetermination of the lip Complex Sinus

The major components of the data acquisition system used in this
study are the sonic digitizer which is 1linked with the pPDP-11/34
minicomputer, digitizer sensor assembly, torso restraint system, and six !
sonic emitters mounted on a cylindrical thigh cuff as shown in Fig. 4.2.
The thigh cuff is, in turn, attached to an orthotic brace, which is held
onto the thigh by three Velcro atraps. The front part of the brace is
shaped so that the patella can move freely.

57

LA 2 2 z s eIV EWE H
Ma e Mane rarls oS m AT L A L ST R SRR AU YT SR e PR SR TS AT M ML TN R A AT AL AU A ca T,
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Fig. 4.2 Major components of the data acquisitions system.
1) sonic Digitizer, 2) Digitizer Sensor Assembly,
~Torso Restraint System, 4) Thigh Cuff with Six

i Sonic Emitters.

The quantitatiye determination of the hip complex sinus involves the
following basic steps: (1) immobilizing the torso to be treated as the
fixed body ‘and Adefining the fixed body axis system as shown in
Fig. 3.2(a), (2) having the subject move the upper leg along the maximal
voluntary range of motion and monitor, with respect to the fixed body
axis system, the 3-D coordinatec of a distal point on the noving body
Segment; this point (to be referred to as the knee joint reference point)
is selected as being on the mechanical axis of the femur at the level of
the femoral 1lateral epicondyle, (3) fitting the knee joint reference
point coordinates to a sphere using the least-squares method, thus
establishing a center for the best-fitted sphere and an idealized 1link
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length (radius of tho éphore){ (4) fitting a*plono to the sane knee joint
 reference point coordinates to a  sphere using the least-squares method;
the normal to this plane (lpecifiod by the nphetical coordinates (¢ ¢ 0 )
as shown in PFig. 4.3) establishes the pole (zji-axis) of a local joint
axis syatem with tespect to which the hip complex sinus, designated by
the spherlcal coordinatea ¢, 9) of the vector connecting the center of
the best—fitted spheté ‘with  the knae joint reference point, can be

expressed as a single—valued functional relationship, i.e., 6 = 6(4).

Fig. 4.3 Relative orientation between the fixed body (x
yfb' sz) and locully-defined joint (xjt' th’

zjt) axis systems,

fb'




since only the knee - joint uferonce point is monitored in. this

study, only the ulationshipa botwun this . point. and _the six ‘sonic
emjtters on the thigh cuft need to be 1n1t$ahzed.- The calculations are

the same as those used for the origin ox t.he longitudinal ‘axis system -
thoroughly discussed 1n Section 2. 2, However, aince the Knee joint.
reference point is inaccessible, two emitters are needed to incerpolate
it as being located et ‘the _centet. The emitter posjtioning for this’

initialization 'pr_ocegs’h,' gchematically shown: in 151,-3.' .4,

Before the hip complex ainus test, the subject was instructed to
move his upper leg along its mlximal voluntary range of motion’ in a

counterclockwise motion as v:l.ewed ..rom the sensor assembly. He wag; also-
1netructed to displace the uppet leg distally albng its longitudinal axis

as far as poseible at. all timen whilc' itcumscribing the hip complex

sinus. - :e!erred rotation of the uppe: leg about its longitudinal axis i
as well a8 pteterred knee flexion vere left up to the discretion of the. :

subject in obtaining the maximal contour . Several sweeps of this type
were practiced before data’ were collectea 8o, that the subject could

experiment with obtaining the largest possibl.e range of motlon. In order '

to help maintain a constant rate of motion during data collection, a
- large clock with an enily visible eecond hand was pleced in front of the

subject. ‘ 'l'he subject vas 1nutructed to imagine his upper leg as ' the’

second hand, and to synchronize his hip complex sinus circumscription
with the clock's 60 second sweep.

Table 4.1 lists the centers and radii of the best-fitted spheres and
(¢ ¢ O ) values of the best-fitted planes for a11 ten subjects. With
tespect to each individual local joint axis system, Figs. 4.5-4.7 show
the hip complex sinuscs for three subjects and their corresponding least-
squares fitted functional expansions of Ea. (3.2.1). Figs. 4.8-4.10
display the corresponding globographic representations of these three
subjects' functional expansion sinuses with respect to the fixed body
axis system.

4.3 Determination of the Passive Resistive Properties

As 1s the case for the forced tests on the shoulder complex, it is

also desirable to perform a series of forced tests in which the upper leg ‘,

is forced outward in the direction of increasing 6 for a constant-¢ value
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LATERAL VIEW | ANTERIOR VIEW

Fig. 4.4 Emitter positioning for initialization process.
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Table 4.1 Centers and radii of the best-fitted spheres and
and (on. On) for all ten subjects.

SUBJECT CENTER (cm) RADIUS ¢ n On
No. Xew, Yer Zey, {cm) (deg.) (deqg.)
1l 1.77 6.14 20.85 47.82 47.22 64.85
2 3.63 5.98 27.45 43.76 53.78 52.18
3 5.26 8.49 28.80 47.35 42.37 60.04
4 -0.10 5.64 31.39 45.50 47.06 52.54
5 3.24 5.96 27.57 43.79 55.17 51.40
6 3.93 6.94 26.78 46.61 37.17 52.83
? -0.50 5.08 29.85 46.81 49.39 53.77
8 3.12 7.01 29.30 47.87 33.46 57.18
9 -1.70 6.26 18.07 50.07 36.78 68.34
10 3.84 4.40 25.16 48.90 34.54 55.35

Sample

Mean 2.25 6.19 26.52 46.85 43.19 56.85

Sample

St. Dev. 2.28 1.12 4,15 4,04 7.96 5.81
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Fig. 4.5 Raw data and the functional expansions of the hip
complex sinuas for subject No. 1.
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Fig. 4.6 Raw data and the functional expansions of the hip
complex sinus for subject No. 2.
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Fig. 4.7 Raw data and the functicnal expansions of the hip
complex sinus for subject No. 3.
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Fig. 4.8 Globographic representations of the hip complex

sinuses for subject No. 1.

C e m————— a———n

Fig. 4.9 Globographic representations of the hip complex

sinuges for subject No. 2.
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Fig. 4.10 Globographic representations of the hip complex
ainuses for asubject No. 3.

with respect to the local joint axis system.

For a typical forced kinematic teat, the subject's torso is first
rotated by an angle - (90° - Qn) about the positioning system yaw axis,
5 and then rotated - (%0° - On) about the roll axis. If the subject then
extends his upper leg in an orientation parallel to the horizontal pitch
axis of the positioning aystem, the mechanical axis of the femur will be
at (Qn, Qn), i.e., coincide with the 3, -axis with reapect to the torso

it
fixed body axis system. To factor out the gravitational loading of the

! leg, an adjustable pulley-cable system is used to hold the leg with the
pulley positioned directly above the hip joint so that the horisontal
! component of the cable force passes through the hip joint and does not
: gerve to either abduct or adduct the upper leg. The subject is first
' instructed to move his leg to its maximal voluntary position in the
constrained plane of motion of the upper leg. The leg is backed-off from
its maximal voluntary poaition, and this then is the starting orientation
of the forced sweep. The force applicator is then positioned vertically




at the same level as the subject's upper leg, and the transducer front is
pointed near the knee joint. The subject's upper leg is next abducted or
adducted in a quasi-static manner until the subject starts experiencing
discomfort or the upper leg can no longer be displaced (e.g., adduction
into the torso occurs). During the entire course of each test, the
subject 1is instructed to let his leg hang limply and not to actively
(muscularly) resist the motion of the test. The bridge circuits of the
force-moment transducer sre all set to sero at the start of each test, =0
that recorded values during the sweep are departures from this "neutral*
force-moment orientation, or stating it in a different manner, they are
the passive resistive force-moment values.

With respect to the joint axis system, as nmentioned earlier, these
force sweeps take place in a direction of increasing 6, and at an
approximately constant—-$ value. By then rotating the restraint
positioning system about its pitch axis, a series of constant-¢ sweeps
are obtained. In this way the tests are performed as four sub-series
with each sub-series discernible by its own experimental set-up
configuration as shown in Pig. 4.11. The groupings consist of constant-¢
sweeps in: 1) the upper-rear quadrant (0°< ¢ <90°), 2) the lower-rear
quadrant (90° < ¢ < 180°), 3) the lower-front quadrant (180° < ¢ < 270°,
and 4) the upper-front quadrant (270° < ¢ < 360°).

The data obtained according to the procedure outlined above are
analyzed as follows. Pirst, the force (f) and moment (N) vectors
obtained from the force applicator transducer ate used to calculate a

total moment vector with respect to the center of the best-fitted sphere

-+ - <+
utotll aN+I x 3

where © is the moment arm veccor from the center of the best-fitted
sphere to the point of force application. Next, the total moment vector
is resolved into components along and perpendicular to the moment arm
vector. The component along the moment arm vector is then discarded,
since it does not serve to restore the moving segment to an orientation
within the maximal voluntary hip complex sinus. Finally, a “"normalized®
momant ara vector of unit length, 1.e., one meter, along the moment arm
vector is used together with the remaining moment component (the passive
resistive moment vector) to calculate the passive resistive force vector.
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in each of the four quadrants
3) lower-front, 4) upper-front

2) lower-rear,

4.11 Representative test configurations
1) upper-rear,
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Singe the moment ara is normaliszed to one meter, the magnitude of the
zesistive force vector is the same as that of the resistive moment
vector. We shall refer to this magnitude as the pasuive resistive force
(doment) property, which is assumed Lo de a function of ¢ and 6 in this
study with reapect to the local joint axis system.

PFigs. ¢.13-4.14 show the constant resistive force (moment) contour
maps for three subjects on the modified joint axis syatem. Fig. 4,15
displays the “goodness” of the curve fitting for the raw data of several
constant-¢ sweeps for the £irst subject. In Figs. 4.12-4.14, the
respective maximal voluatary hip complex sinuses and maximal forced
sinuses are also indicated. Finally, Prigs, 4.16-4.18 show the
globographic representations of the maximal forced sinuses together with
the maximal voluntary sinuses (run No. 1) for the three subjects.

4.4 Statistical Data Base for the Biomechanical Properties of
the Human ﬂig Complex

S8ince the functional expansions used herein are the same as those
used for the shoulder complex, the statistical analysis is the same as
presented in Section 3,6; thus it will not be repeated here.

Table 4.2 lists the expansion coefficients of the hip complex
sinuses for all ten subjects. This table also lists the sample means and
sample variances of the ten coefficients. PFig. 4.19 displays these ten
sinuses as well as their sarple mean, B($), ana 8(p) + Sgld). Fig. 4.20
shows the globographic representations of the latter three. Pig. 4.21
~ shows the & ana 8 + Sy curves for two different runs. Again, this figure
reveals good repeatability of the hip complex sinus tests.

For the confidence level of 95%, PFig. 4.22 shows the confidence
interval of the population mean, and Fig. 4.23 its corresponding
globographic representation.

Table 4.3 lists the expansion coefficients as well as their sample
means and sample variances of the passive resistive force (moment) data
for all ten subjects. Table 4.4 lists the expansion coefficients of the
maximum forced sinuses for all ten subjects. Fig. 4.24 superimposes the
sample means of the passive resistive property, the maximum voluntary and
forced sinuses. Finally, Fig. 4.25 shows the globographic representations
of the sample means of the maximum voluntary and forced sinuses.
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(-2.5,2.5) (2.5, 2.5)

(-2.5,-2.3! (2.5,-2.5)

Fig. 4.12 Constant resistive force (moment), in Newtons
(Newton—-Meters), contour map on the modified joint
axis system, in radians, for subject No. i. The maximal
voluntary hip complex sinus (inner dashed) and the
maximal forced sinus (outer dashed) are also indicated.

Based on the numerical results shown in Fig. 4.24, several
observations and remarks concerning the passive resistive properties of

the h man hip complex beyond the maximal voluntary sinuses can be made: i

1. The constant resistive force (moment) contours are not simply
un outward conformal expansion of the maximal voluntary sinus
as one might surmiae and adopt to use in currently existing
multisegmented total-human-body models.
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(2.5, 2.5)

(-2.5,-2.5)—— o : (2.5,-2.5)

Pig. 4.13 Constant resistive force (moment), in Newtons
(Newton-Meters), contour map oa the modified joint
axis system, in radians, for subject No. 2. The
maximal voluntary hip complex sinus (inrner dashed)
and the maximal forced sinus (outer dashed) are
also indicated.

2. The two rear quadrants (0 < ¢ < T) are the most important
regions in terms of pain threshold and injury potential. 1In
this region, discomfort was observed at the force (moment)
levels of approximately 60 to 80 Newtons (Newton-Meters), which
are about 4.5 times those found on the shoulder complex.

72

MEmrmamnaTimA
W S L R S WA S e N W A




(-2.5,25) . (2.5, 2.5)

(-2.5,-2.5) (2.5,-2.5)

Fig. 4.14 Constant resistive force (moment), in Newtons

3.

.
r

(Newton-Meters), contour map on the modified joint

axis system, in radians, for subject No. 3. The 1
maximal voluntary hip complex sinus (inner dashed) :
and the maximal forced sinus (outer dashed) are also j
indicated. f

In the two front quadrants (1 < ¢ < 2r), no real discomfort was
observed due to adduction of the upper leg into the opposite
leg or the torso. In this region, the maximal forced sinus is
based on the 0 wvalues reached as far as possible during
conatant-¢ sweeps for the force (moment) levels which were
applied.
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Fig. 4.15 Raw data and the fitted curves (drawn fron Pig. 4.12)
for several constant-$ sweeps.
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'Fig. 4.16 Globographic representations of the maximal voluntary

(inner curve) and forced (outer curve) sinuses for

subject No. 1.

(inner curve) and forced (outer curve) sinuses for

Fig. 4.17 Globographic representations of the maximal voluntary
sutject No. 2.
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of the maximal voluntary
(inner curve) and forced (outer curve) sinuses for

4.18 Globographic representations
sgbject No. 3.
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Fig. 4.19 Hip complex sinuses for all ten subjects (dotted curves).
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Fig. 4.23 Globographic representation of the Confidence Interval
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naximum voluntary sinus (inner dashed), and
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Pig. 4.25 Globographic representations of the sample r.eans of
i.he maximum voluntary and forced sinuses.
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5. QIWICAL PROPERTIES OF THE HUMAN HUMERO-ELBOW COMPLEX

5.1 Introducgtion

Two types Of data are considered in this chapter: (1) the maximum
voluntary humero~elbow complex sinus, or, the angular range of the
extreme allowable mntion of the lower arm with respect to the upper arm
whose axial rotation is permitted, and (2) the passive resistive
properties beyond the full elbow extension with the lower arm in
pronation.

The elbow complex 1is composed of three articulations: the
humeccroradial, the humeroulnar, and the superior radioulnar; it has been
modeled as a trochoginglymus joint possessing two rotational degrees of
freedom (Elexion-extension and pronation-gupination) by most
investigators (Dempster, 1955; Steindler, 1973; Youm et al., 1979). By
utilizing the inserted Kirschner wires for defining coordinate axes and
biplanar radiographs, Chao and Morrey (1979} were able to accurately
isolate the three-dimensional rotation of cadaver forearms under passive
elbow motion; the tranalatory components of the joint motion were ignored
by assuming that the tight 1ligamentous constraints would 1limit such
motion to small magnitudes. The additional component of rotation is
referred to as the carrying angle (or abduction-adduction). Chao et al.
(1980) also developed a device similar to the electrogoniometer for
determining the three-dimensional angular motion occurring at 1living
normal subject's elbcw joint while performing different daily functions.
The carrying angle normally disappears when the lower arm is pronated
with the elbow in full extension. Due to the articular check (between
the olecranon process and fossa) and the ligamentous constraints,
excessive elbow extension beyond the maximum voluntary range may cause

serious injuries.

5.2 Determination of the Humero-Elbow Complex Sinus

Both kinematic and force application tests for the elbow joint are
shown in Fig. 5.1. This figure also chows the upper arm restraint
fixture. The fixed longitudinal axis of the upper arm with respect to
the torso is chosen to coincide with the z-axig of the statistical mean

joint axis system established for the shoulder complex in Secticn 3.2.
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Fig. 5.1 Kinematic and force application tests for the
elbow complex.
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In the author's opinion, by positioning the upper arm in this

5 %
hr

orientation, the shoulder complex is in a state of maximum laxity. As

'S
-

shown in Fig. 5.2, the mean joint axis system is uniquely obtained by
first rotating the torso axis system by the mean angle ¢m(= 59°) about
the zts-axis and then rotating the intermediate (primed) axis system by
the mean angle em(= 79°) about the y'-axis. In this study, this mean
joint axis system is also naturally selected as the fixed reference frame
(fixed-body axis system) for performing the kinematic analyses of the
forearm; the origin of this fixed-body axis system is conveniently chosen

to be the center of the humeral head.
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rig. 5.2 Relative orientation of the mean joint axis system,
or the fixed-body axis system, (xfb’ Yepr sz) and
the torso axis system, (xts’ Yig’ zts)'

Since the wupper arm is only permitted to rotate about

' , longitudinal (long-bone) axis, its translational degrees of freedom
prohibited by the shoulder part of the torso restra#nt shell, ard

[ other two rotational degrees of freedom are eliminated by fastening
upper arm onto a rigid fixture (whose direction, of course, is along

b Zg -axis of the fixed reference frame) with three Velcro straps.

its
are
the
the
the

An orthotic brace made of heat-moldable orthoplast is used in order

85

to mount the six sonic emitters on the lower arm to monitor its rigia-

-




e e

*hoéﬁfi{§ﬁii££ci.f’fﬁé'@iiérbziﬁfnps~aro:ddeé'éoihéld the brace on . the

lower atm.  In addition. by letting the hand hold a pole which extends

from the btaco. the weist complex is fixed so that’ the forearm muscles
are held in a stable configuration. - This orthotic device- thus'eliminates:~
the’ telative shifting ‘motion between the toreatm and the brace. The
forearn cutt vith six emitte:c atfixed to it .is then rigidly attached to

the bracﬁ by two screws. The foreatm cuff is made of a. rigid,
cylindrical, rlastic shell which ‘extends about three-quarters of the way

_atound the lower arm. It is believed that this orthotic cqntiguratxon

cones as clono as posdiblo to zt@id body conditions, and provides for
accurate neaau:ement of fozeatm kdnomati»s.- '

The procedure for quantitative determination of . the humero-elbow
complex sinus consists of the following steps: (1) immobilizing the torso
and upper arm, and xdefining the fixed body axis system as described
before kalso refer to Pig. 5.2), (2) having the subject mbve his forearm
along the maximum voluntary range of motion ana continuously monitoring,
with respect to the fixed-body axis system, the 3-D coordinates of a
distal point on the moving body segment; this point (to be referred to as
the wrist joint reference point) is selected as being on the longitudinal
axis of the forearm at the level of the styloid process, (3) fitting the
wrist joint reference point coordinates to a sphere using the least-
squares method, thus establishing a center for the best-fitted sphere and
an idealized link length (radius of the sphere), (4) fittxgg a plane to
the same wrist joint reference point coordinates using.thebieast-squares
method; the normal to this plane (specified.by the sphéxical coordinates
b,s 6,) as shown in Fig. 5.3) establishes the pole (zjt
joint axis system (for the humero-elbow complex) with raspect to which

~axis) of a local

the humero-elbow complex sinus, designated by the spherical coordinates
(b, ) of the vector comnecting the center of the best-fitted sphere with
the wrist joint reference point, can be expressed as a single-valued
functional relationship, i.e., 6 = 0($).

Since only the wrist joint reference point is monitored, the same
initialization procedure as that used for the hip comulex is employed.

Before the humero-elbow complex s8inus test, the subject was
instructed to move his forearm along its maximum voluntary range of

motion in a counter-clockwise direction as viewed from the sensor

86

L LSRR T Bt St A AL B MRS AT S rere e T M P L L AW ST SO P AT LTICLT AP L T LS LT LR T SR

[ S e R O Y I S

Mo e e e



A o e e AT T T T e e T T T - T e

Fig. 5.3 Relative orientation of the fixed-body (x
z..) and the locally-defined joint (x,, ,
£ jt
z,’) axis systems.

2y,

§b' Yep'
jt’

assemhly.< Preferred roﬁatibn of the forearm about its longitudinal axis
was left up,tokthé digc:étiom of the subject in obtaining the maximum
sinus. Several sweeps Of this type were practiced before data were
collected so that the subject could experiment with obtaining the largest
poesible range of motion. In order to help maintain a constant
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rate of motion during data collection, a large clock with an easily
visible second hand was placed in front of the subject. The subject was
instructed to imagine his forearm as the second hand, and to synchronize
his circumscription with the clock's 60 second sweep. The firing rate of
the sonic emitters was set at seven data records per second (as used for
the shoulder and hip complexes) so0 that a total of 420 wrist joint
reference points was collected for each complete humero-elbow complex
sinus.

Table 5.1 lists the centers and radii of the best-fitted spheres and
(¢n, Bn) values of the best-fitted planes for all ten subjects. With
respect to each individual 1local joint axis system designated by
(¢n. en). Figs. 5.4-5.6 show both the raw data and least-tquares fitted
values of the single-valued functional relationship, i.e., 0 = 9($) of
the humero-elbow complex sinus for three subjects. In these figures,
only 72 raw data points (approximately equally spaced; were plotted and
used for curve-fitting of the functional expansion, Eq. (3.2.1).
Figs. 5.7-5.9 display the globographic representations of these three
functional expansion sinuses with respect to the fixed-body axis system.

5.3 Determination of the Pasasive Reaistive Properties
Beyond the Full Elbow Extension

Since the force applicator is constrained to motion in a level
horizontal plane by a track-mounted trolley system located overhead, it
is necessary to tilt the torso, while sitting, 11° (= 90° - Gm) about
xts-axis so that the upper arm is also parallel to the ground. The
subject was first instructed to pronate his forearm to face the ground
and to fully extend it, The force applicator was then positioned
vertically at the same level as the stcbject's forearm, and the transducer
front was positioned near the wrist joint., The subject's forearm was
next forced beyond its full extension in a quasi-static manner until the
subject startad experiencing discomfort. During the entire course of the
test, the subject was instructed to let his forearm hang limply and not

to actively (muscularly) reasist the motion of the test.

The data collected according to the foregoing procedure were
analyzed as follows. First, the force (?) and moment di) vectors

obtained from the force applicator tranaducer were used to calculate a
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Fig. 5.4 Raw data and the functional expansions of the
humero~-elbow complex sinus for subject No. 1.
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Fig. 5.5 Raw data and the functional expansions of the
humero-elbow complex sinus for subject Wo. 2.
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Fig. 5.6 Raw data and the functional expansions of the
humero-elbow complex sinus for subject No. 3.
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Fig. 5.7 Globographic representation of Fig. 5.4.

total moment vector with respect to the center of the beat-fitted sphere
{described in Section 5.2):

N M+
=
total £

£ 14

X

where T is the moment arm vector from the ~enter of the best-fitted
sphere to the point of force application. Next, the tot2l moment vector
was resolved into components along and perpendicular to the moment arnm
vector. The component along the moment arm vector was then discarded,
since it does not serve to restore the forearm towards its full extension
position. Finally, a “"normalized” moment arm vector of unit length,
i.e., one meter, along the moment arm vector was used together with the
remaining moment component (the passive resistive moment vector) to
calculate the passive reasistive force vector. Since the moment arm is
normalized to unit length, the magnitude of the resistive force vector is
the same as that of the registive moment vector. We shall refer to this
magnitude as the passive resistive force (moment) property, which is
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Fig. 5.8 Globographic representation of Fig. 5.5.

expressed a3 a function of a, or the angular displacement from the full
elbow extension. In calculating this angle, the line connecting the
center of the beat-fitted sphere and the distal wrist joint reference
point is used as the longitudinal axis of the forearm.

Figs. 5.10-5.12 show two rung of both the raw data and the curve-
fitted function values of the passive resistive force (moment) properties

for three subjects. The expansion function used Ils of the following
polynomial form:

2 3 -
1 + cza + c3u + Cc,a (5.3.1)

f(a) = C 4

5.4 Statistical Data Base for the Biomechanical Properties of
the Human Humero-Elbow Complex

Since the functional expansion used for the humero—elbow complex
sinus is the same as that used for the shoulder complex sinus, the

statistical procedure is the same as discussed in Section 3.6. Table 5.2
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Pig. %.9 Globographic representation of PFig. 5.6.

lists the expansion cocfficients of the humero-elbow complex sinuses tor
all ten subjects. Pig. S5.13 shows the ten sinuses as well as their
sample mean, 8(4), and B i) + 85(#). Fig. 5.14 daisplays the globographic
representations of § ana § + 8y in the fixed-body axis system. Finally,
Pig. 5.15 shows the § and § & s, curves for two different runs. Good
repeatability is observea.

Table 5.3 lists the expansion coefficients of the passive resistive
properties beyond the full elbow extension for all ten subjects. From
Egs. (5.3.1), (3.4.6), and (3.4.7), one obtaing the sanple mean,

fa) = C, + Ca+ c.a® + ¢,a (5.3.2)

and the unbiased sampls variance,

2 2 a
sfta) - sc + sc a” + 3 a + 8 a (5.3.3)

1 2
*ig. 5.16 shows f(a) for all ten subjects as well as their sample mean f
and T : 8.
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Fig. 5.11 Raw data and functional expansions of the
passive reaistive property for subject No. 2.
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Fig. 5.10 Raw data and functional expansions of the passive
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e _ — 30 A
SOFRUN w1 RUN #2
20 f 2}
=
]
£
£
C)
0} 10t
// ‘_l b i i ' e )
O 0 T s T 20 s % 5 0 1’8 20 25
a (DEG.) a (DEG.)




0 ——— e
* s VY , ]
/
= 20} 20}
3 -
z 2
z z
C} ]
L -
10p or
0 d At A P : 0 PORPUST VPN NI SEPUSTVOVY BF d
0 ] 10 18 20 25 -0 -} 10 1S 20 2%
« (DEG.) e (DEG.)

Fig. 5.12 Raw data and functional expansions of the passive
resistive property for subject No. 3.

The fast-increasing feature of the passive resistive property
reveals the characteristic of the articular check occurring at the elbow
joint., Human tolerance beyond the full elbow extension, based on the ten
subjects tested, iz found to be about 10 to 15 N(N-N) at about 10 to 15
degrees of hyperextension.
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Fig. 5.13 Humero-elbow complex sinuses for all ten subjects.
Solid curves are for & and § + Sg-

Fig. 5.14 Globographic representations of § and 8 + s,.
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tabie S.1 Centers and radii of the best-fitted sphercs

and (¢h' en) for all ten subjects,

A STt
SUBJECT 'CENTER (cm) RADIUS b, 0,
No. | xp Y Zey, 1(&3) (deg.) ' (deg.)
" ) AR S
1 -0.06 0.19 28.76 29.58 -57.25 74.47
2 0.43 q.lé - 25.90 ' 29.62 -40.57 - 71,42
3 0.69 0;96 27.11 29.72 -57.51 70.92
4 1.62 -0,20 28.14 31,12 -43.44 70.21
5 -1.22 | -0.30 22.09 28.38 -67.33 58.75
6 -0.72 | ~1.51. | 25.00 29.93 -55.06 66.69
7 -0.77 0.88 26.79 30.96 42.73 75.45
8 -0.43 0.66 27.73 30.24. -53.74 68.01
9 -1.27 1.01 26.90 29.39 -37.92 73.99
10 .-1.10 0.21 26.51 28,69 ~55.70 59.94
p— — e
Mean -0.42 0.20 26.49 29.76 -51.14 68.98
p—— . S S — .
St. Dev. | 0.89 0.76 1.88 0.87 9.46 5.78
]
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